Background: Iron stores and haemoglobin iron de®cits in menstruating women can be calculated from body iron losses and absorption of dietary iron using recently developed methods. Objective: To examine iron balance (iron status) expressed as body iron stores or haemoglobin iron de®cites in menstruating women from amounts of iron lost (iron requirements) and amounts of dietary iron absorbed. Calculations are made both of stationary states and of the rate of changes in iron stores (iron status) when any of the two main factors determining iron balance are changed. Design: The study is based on (1) previous and new equations describing relationships between iron absorption, iron requirements (losses), iron stores andaor haemoglobin de®cits and (2) published data on iron requirements and their variation in menstruating adult women. Results: Both iron stores and haemoglobin iron de®cits are strongly related to iron requirements and absorption of dietary iron and follow the same equations during states of iron repletion and iron de®ciency. When, for example, increasing or decreasing the bioavailability of the dietary iron, about 90% of the change in iron stores will occur within 1 y. Conclusions: There are strong relationships between iron requirements, bioavailability of dietary iron and amounts of stored iron. The observations that a reduction in iron stores and a calculated decrease of haemoglobin iron had the same increasing effect on iron absorption suggest that the control of iron absorption is mediated from a common cell, that may register both size of iron stores and hemoglobin iron de®cit, eg the hepatocyte. 
Introduction
Maintenance of iron balance, when absorption equals losses, is achieved by control of iron absorption since the body has no mechanisms to control iron losses. This was pointed out by McCance and Widdowson already in 1937 based on their classical balance studies (McCance & Widdowson, 1937) . The molecular basis for this regulation of iron absorption, probably partly located within the intestinal mucosal cells, can just be perceived (Ku Èhn, 1996; Mascotti et al, 1995) . The capacity for the regulation of iron absorption, however, is more or less unknown. It is not known, for example, how effectively the regulatory system in normal subjects can prevent the uptake of excessive amounts of dietary iron in the body. Correspondingly, the limit for the capacity of a hypothetical regulatory system to prevent iron de®ciency under different conditions is just discernible .
Under normal stationary conditions dietary iron absorption equals the amount of iron required to cover physiological iron needs and losses. The body is in iron balance. If for some reason the intake of iron or the bioavailability of the dietary iron is increased, more iron will be absorbed. In an iron replete subject iron stores will then increase. Since iron stores in some unknown way control iron absorption, the increased iron stores will gradually reduce the iron absorption which by and by reaches a new steady state and will then correspond to the amounts of absorbed iron needed to balance the actual losses of iron. Similarily, if the physiological losses of iron were reduced, for example, when starting using contraceptive pills or when entering the menopause, there will be a positive iron balance gradually leading to increased iron stores, in turn leading to a reduction in dietary iron absorption, which continues to decrease until the lowered iron absorption again balances the new lower iron requirements. If iron losses were to increase, for example, by using intrauterine devices, lead-ing to a negative iron balance and to a reduction of the amount of stored iron, iron absorption will increase leading gradually to a new steady state where the increased absorption equals the increased total iron losses.
Several studies have shown that there is a linear relationship between the logarithm of serum ferritin (SF) and log iron absorption from a dose of 3 mg inorganic iron, the socalled reference dose of iron (Bezwoda et al, 1979; Cook et al, 1974; Skikne et al, 1990; Taylor et al, 1988) . Recently, similar linear relationships were seen between log SF and log non-haeme iron absorption from the whole diet measured over several days in women Hulthe Ân et al, 1995) and from a whole varied diet comprising both haeme and non-haeme iron measured over 5 day periods in men (Hallberg et al, 1997) . These three latter studies were used to describe in mathematical terms relationships between iron absorption, iron losses (requirements) and iron stores (a function of log SF, 1 see below; Hallberg et al, 1998) . Using these equations it became possible to examine the interrelationships between iron absorption, iron losses (iron requirements) and iron stores. Stationary states of iron stores related to different values for absorption and losses of iron could then be calculated. By integration of the equation describing nonstationary states (see below) it was also possible to determine, for example, the rate of growth or rate of decrease of iron stores under different conditions. (Hallberg et al, 1998) The relationship between log SF and iron stores was recently re-analysed and described by a new equation.
When examining the observed relationships between log iron absorption and log SF in all the previous studies, it was evident that the linear regression lines were based on observations beyond the point where iron stores are considered to be exhausted and where in some studies signs of iron de®ciency were present. This was most evident in one study , where one-third of the subjects were iron de®cient. The slope of the regression line seemed to be the same in this iron de®ciency range as in the range where iron stores were present. Actually, there was not only a strong correlation between dietary iron absorption and log SF (r 0.845), but also with haemoglobin concentration (Hb, r 0.579; P`0,01). Therefore, in the present paper a new equation was derived to describe the relationship between iron absorption and the de®cit in the circulating hemoglobin iron in red cells.
The losses of iron from the body can be expected to decrease when no stores are present and the concentration of Hb is lowered. Iron losses in women are partly menstrual losses of red cells, and partly iron losses from other body surfaces, the so-called basal iron losses. These basal losses were estimated in a multicentre study on men and were based on the decrease of the speci®c activity of radioiron in red cells using the long-lived radioiron isotope, 55 Fe (Green et al, 1968) . Some of the basal losses are losses of epithelial and endothelial cells and some are losses of red cells from physiological' bleedings from various mucosal surfaces. It has been estimated that these latter losses constitute about 50% of the basal iron losses . During a development of iron de®ciency the losses of iron will therefore decrease, a fact that has to be considered in an equation describing the relationships between iron losses (requirements), iron absorption and a de®cit in circulating haemoglobin iron.
The purpose of this paper is to utilize the recently developed knowledge, described in equations, to examine more closely the iron balance situation in adult menstruating women. The new methods allow calculations of both the amounts of stored iron in iron-replete women and the de®cits of circulating haemoglobin in those who absorb less iron than is needed to cover physiological requirements. The present paper thus examines for the ®rst time the iron balance situations in women in relation to diet and losses of iron.
Methods and materials
In the present study, data were used originally presented in previous papers on iron requirements and their distribution in menstruating women (Hallberg & Rossander-Hulthe Ân, 1991) . The recently developed methods (Hallberg et al, 1998) were used to calculate: (1) iron stores at stationary states in relation to losses of iron (iron requirements) and absorption of dietary iron; and (2) to calculate the rate of increase and the rate of decrease of iron stores under different conditions. With these methods changes of iron stores were calculated for situations where iron stores were 5 0 (model 1). In the present paper only the ®nal equations are given, to be able to compare these equations with the one derived for the state when iron stores are`0 and when the iron used to cover iron losses are derived from absorption and catabolized circulating red cell iron (model 2).
Thus when iron stores are zero and when iron losses exceed iron absorption (model 2), iron balance can only be achieved by reducing the iron content of the circulating red cell mass. This will lead (1) to a reduction of Hb and result in a decrease in the amounts of iron lost with menstruations and with basal iron losses in proportion to the decrease in Hb and (2) to an increase in iron absorption. Actually, the regression lines describing the relationship between absorption and SF are seen to continue into the range when no iron stores are present. Several observations thus suggest that for a given diet the slope of the regression lines describing the relationship between absorption and iron stores were the same as the increase in iron absorption by the decrease of circulating haemoglobin iron (Bezwoda et al, 1979; Cook et al, 1974; Gleerup et al, 1995; Hallberg et al, 1997; Hulthe Ân et al, 1995; Skikne et al, 1990; Taylor et al, 1988) . For that reason and based on observations mentioned above, the same value for the regression of absorption and stores (the constant k 2 ) is used in models 1 and 2.
Model 1: Calculation of the amount of stored iron from iron losses and bioavailability of dietary iron An equation is given to calculate the stationary states of iron stores from the bioavailability of dietary iron and the amounts of iron lost from the body. The derivation of this equation was presented in detail in a previous paper (Hallberg et al, 1998) . The principle is the following: under stationary conditions, that is, where absorption equals losses (L) a certain iron store (M) is reached. In the equation below, k 1 is the daily amount of iron absorbed from a certain diet at zero iron stores. M, L and k 1 are expressed as mg Feakgad and the equation is:
For the sake of simplicity, the term bioavailability, as used in the present paper, is thus a function of both iron content and its bioavailability in the traditional meaning. k 2 is a
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Calculation of the time needed to change iron stores from one amount to another by changes of iron losses andaor bioavailability of dietary iron. By integration of the original equation to eq (1) eq (3) in a previous paper; Hallberg et al, 1998
an equation is obtained (eq (2), below) that allows calculation of the rate of change of iron stores over time. The equation describes the time needed to reach certain amounts of stored iron. M 0 and M t stand for amounts of stored iron at time 0 and time t (days) expressed as mg Feakg body weight. M 0 is the amount of stored iron at the beginning of a study when calculating both the increase and the decrease of iron stores. The equation is the same as previously published, but two printing errors are corrected
with M(t) for t ? ? 1ak 2 ln k 1 aLX The constant k 2 (0.00024) is different from the value in the original equation (0.0032) since iron stores are now expressed per kg body weight and not for a 75 kg man. The expression in eq (1) can be written as:
By multiplying this expression by 1000 and dividing by 75 the correct M value expressed as mgakgad is obtained by using 0.00024 as the k 2 value in the equation.
Model 2: Calculation of the de®cit of circulating haemoglobin iron in relation to iron losses and bioavailability of dietary iron. No mobilizable iron is present in stores This calculation is based on the following equation (eq (3)) describing a stationary state of circulating haemoglobin iron mass where the absorption of iron is related to the de®cit of haemoglobin iron mass and where iron absorption equals total iron losses,
where Hb i is the normal amount of circulating haemoglobin iron and Hb act is the actual reduced amount of circulating haemoglobin iron. The de®cit of the circulating haemoglobin iron is thus given by (Hb i 7 Hb act ). The constants k 1 and k 2 are the same as in model 1 (see above). Losses of iron are calculated from eq(4)
where B is basal losses of iron and is set at 14 mgakgad.
Half of these losses are considered to be losses of haemoglobin iron Green et al, 1968) . ML is menstrual iron losses at an individually optimal Hb level and thus when iron stores are 5 0. Since the absorption of iron at a stationary state equals losses of iron, k 1 can be calculated for different amounts of normal, habitual menstrual iron losses (ML mgakgad) corrected for the lowered menstrual iron losses due to a reduction in Hb. This correction is obtained by multiplying ML by the ratio Hb act aHb i .
In the present calculations the normal haemoglobin level in iron-replete healthy women is set at 136 gal. Blood volume at a body weight of 60 kg is set at 3696 ml (Wintrobe, 1981) . The total amounts of circulating Hb will then be 1680 mg iron or rather 28,000 mgakg, since all values are expressed as mgakgaday. The ®nal equation is thus:
Other quantitative relations Calculation of iron stores from the concentration of serum ferritin. Iron stores can be calculated according to eq (6), where Y is expressed as mgFeakg body weight in stores and X is log serum ferritin concentration (SF) in mgal:
The foundation of this equation has been given previously (Hallberg et al, 1998) . The equation can of course also be used to calculate the expected SF from known amounts of stored iron.
Calculation of iron requirements. The method used to calculate the distribution of iron requirements has been reported earlier (Hallberg & Rossander-Hulthe Ân, 1991) . It should be emphasized that iron requirements are calculated from the observed variation in menstrual blood loss and the independent observed variation in haemoglobin concentration in iron-replete women by a convolution method. This database has been used for several of the present calculations.
Calculation of the prevalence of iron de®ciency in menstruating women with different iron losses consuming diets with different bioavailability of iron. Amounts of iron absorbed for different levels of bioavailability, expressed as mg iron absorbed per kg body weight per day were calculated for a woman with a speci®c body weight, eg 60 kg and no iron stores. These amounts were then related to the known distribution of total iron requirements (Hallberg & Rossander-Hulthe Ân, 1991) . The fraction of the total iron requirements that was covered by the absorbed iron was then calculated. An exponential equation was described where Y percentage of subjects who are iron de®cient, and X bioavailability of dietary iron mgakgad. Calculations were made for the known distribution of normal menstrual losses. Equation (7) was thus obtained:
Diets
Several bioavailability values (k 1 values) are used in the different calculations. Two of these, 31.4 and 53.2 mgakgad are diets that have been carefully analysed and studied in previous absorption studies . The other diets are based on estimations obtained by using a recently developed algorithm to predict the Iron balance in menstruating women L Hallberg et al bio-availability of iron from meals and diets with known composition (Hallberg & Hulthe Ân, 2000) . Examples of estimations of bioavailability in relation to composition of meals are given in Table 1 together with the corresponding iron stores or haemoglobin iron de®cits, the latter also expressed as the corresponding subnormal Hb as calculated above.
Results
Iron balance in menstruating women in relation to bioavailability of the dietary iron The relationship between the bioavailability of the dietary iron on one side and iron stores and de®cit of haemoglobin iron on the other is shown in Figure 1 for different iron requirements. Equation (1) was used in the upper panel and eq (5) in the lower panel. The upper part of the graph illustrates the relationship between bioavailability and iron stores and the lower part the relationship between bioavailability and haemoglobin iron de®cit. The haemoglobin levels corresponding to the different de®cits of circulating haemoglobin iron, calculated as shown above, are also shown in the graph. Bioavailability is expressed as amounts of iron absorbed per kg body weight per day in subjects with no iron stores. With this de®nition bioavailability is a function of both intake of iron and the relative bioavailability of the dietary iron. Iron de®ciency is de®ned as the absence of iron stores.
Based on the observed distribution of total iron requirements in menstruating women (Hallberg et al, 1966; Hallberg & Rossander-Hulthe Ân, 1991 ) and using eq (1), the distributions of the amount of stored iron andaor haemoglobin iron de®cits were calculated at stationary states for eight diets with different bioavailability of the dietary iron from 2.5 to 53.2 mgakgad (Figure 2) .
For almost all diets, a fraction of the women with the higher iron requirements had no iron stores but a de®cit of iron (reduction of the circulating haemoglobin iron mass). Women consuming diets with a bioavailability 415 mgakgad had no iron stores (the exception was the 5% having the lowest requirements). Women consuming diets with a bioavailability b15 mgakgad had various amounts of iron stores. About 90% of women consuming diets with a bioavailability b 40 mgakgad had iron stores and all women with diets 553.2 mgakgad had iron stores. This level of bioavailability may thus be considered to be optimal for adult menstruating women.
The corresponding expectations of mean haemoglobin levels in the same women with different iron requirements consuming diets with different bioavailability of the dietary iron are shown in Figure 3 .
A further example of the relationship between the bioavailability of dietary iron on one hand and the expected iron stores and probability for iron de®ciency ( no iron stores) to develop is graphed in Figure 4 . In this example only one level of iron requirements (median) was chosen for the sake of simplicity when calculating iron stores. The calculations of prevalence of iron de®ciency ( no iron stores) are based on the known distribution of iron requirements in adult menstruating women.
Rate of changes of iron stores when modifying the bioavailability of the diet When changing the bioavailability of the dietary iron new stationary states are reached. These states can be calculated using eq (1) and the time needed by using eq (2). Calculations of the rate of change of iron stores were made both when increasing and when decreasing the bioavailability. Figure 5 shows the rate of change of iron stores in menstruating women with median iron losses reducing the dietary bioavailability by 10% from 40 to 36 mgakgad. Such a reduction might be due to a 10% reduction in iron content or a reduction in ascorbic acid or meat intake by 25% or an increase in calcium intake in meals from 100 to 120 mg. Iron stores are then expected to decrease asymptotically by 27 mg (19%). About 90% of the decrease is expected to occur within 1 y. SF will be expected to decrease by 3 mgal. After 1 y the iron stores are expected to decrease by 22 mg (15%) and SF by 2.6 mgal ( Figure 5 ). Iron balance in menstruating women L Hallberg et al
The effect of improving the bioavailability of the dietary iron on the rate of change of iron stores is illustrated in Figure 6 . A common Western-type diet with a bioavailability of 30 mgakgad was modi®ed to achieve a 20% increase in bioavailability to 36 mgakgad, for example by increasing the iron content by 20%, by increasing the content of ascorbic acid in main meals from 50 to 75 mg or by doubling the meat content from 40 to 80 g. It can be estimated that after 5 y iron stores will increase by 45 mg (63%) and SF by 4.3 mgal. After 1 y stores will increase by 40 mg and SF by 3.5 mgal. About 90% of the increase is expected to occur within about 1 y.
Discussion
The basis for the present studies are partly the previously reported distribution of iron requirements in menstruating women (Hallberg & Rossander-Hulthe Ân, 1991) and the recently developed equations describing the relationships between the amounts of iron absorbed from known diets, iron requirements (iron losses) and iron stores (Hallberg et al, 1998) . These latter relationships can be expressed by equations which are mathematical descriptions of observed facts. The only assumption was our interpretation of the newly observed data that the part of the regression lines describing the relationship between iron absorption and low SF in the iron de®ciency range had the same slope (k 2 value) as seen within the range where iron stores are present (SF exceeding 15 mgaL). As reported in a previous study this k 2 value was observed to be the same for the three diets examined with different bioavailability (Hallberg et al, 1998) .
A main ®nding is the strong relationships between bioavailability, and the amounts of stored iron for the different iron requirements examined as shown in Figure  1 . It was also obvious that for each of the percentiles of iron requirements examined and graphed there was a continuous relationship between bioavailability on the one side and, on the other, iron stores and the haemoglobin-iron de®cits, after correction for the reduced iron losses with decreasing Hb concentration according to eq (3).
Two factors have been considered to control the absorption of iron Ð the amount of storage iron in the body and the rate of erythropoiesis . Results of several studies to clarify the mechanisms of the control of iron absorption are far from unambiguous. One of the possible reasons why the control of dietary iron absorption is quite different from the control of the absorption from therapeutic iron doses is the fact that the luminal iron ion concentrations are strikingly different Ð it is a question of power. This fact is important to consider, for example, when comparing results obtained in animal studies using plain iron solutions and in food iron absorption studies in man. Our studies suggest that the absorption of therapeutic doses of oral iron in man seems to be mainly related to the degree of erythropoiesis, whereas food iron absorption is mainly related to the amount of stored iron. This suggestion is supported by the observation that the absorption of plain ferrous sulphate (30 mg Fe ) was the same in nonanaemic men and women irrespective of assumed differences in iron stores (Brise & Hallberg, 1960; Hallberg, 1995) . In extensive iron absorption studies in subjects with iron de®ciency anaemia treated with oral iron in therapeutic doses and examined at different times during treatment, a successive and marked decrease in iron absorption was observed (Norrby, 1974) . A further analysis of these results showed that there was a linear decrease in absorption with increasing haemoglobin concentration (r 2 0.968) and with decreasing fraction of reticulocytes (r 2 0.786; Hallberg, 1995) . During a slowly developing negative iron balance (absorption`losses), iron stores are ®rst successively depleted which is associated with a continuous increase Iron balance in menstruating women L Hallberg et al in dietary iron absorption. When iron stores are emptied and iron balance continues to be negative, there will then be a successive reduction of the concentration of Hb. The erythropoiesis is then not increased but rather decreased due to lack of iron. It is obvious from our studies Hulthe Ân et al, 1995) that iron absorption then continues to increase and in relation to the degree of iron de®ciency (not erythropoiesis). This was quite obvious from our previous ®ndings that the absorption of iron was more increased in subjects with no iron stores combined with a subnormal Hb due to iron de®ciency than in subjects with depleted iron stores only. It was also quite obvious in one of the materials studied, containing an appreciable fraction of iron-de®cient women It is also of interest to note that in a negative iron balance SF continues to decrease beyond the point where iron stores are exhausted. This observation thus strongly suggests that SF is an expression, not just for iron stores but for some other factor as well.
In studies on patients with more marked iron de®ciency anaemia and exhausted iron stores due to continued slow bleedings the absorption of therapeutic iron doses is originally rather low but increases markedly after about ten days of oral iron therapy when an increased erythropoiesis had been induced by the increased supply of iron to the erythron in the bone marrow (Norrby, 1974) .
The observations that a reduction of iron stores seemed to have the same effect on iron absorption as a de®cit of circulating haemoglobin due to iron de®ciency may hint at that the hepatocyte may be the common cell that may register both phenomena. This hypothetical interpretation is also compatible with the effect of other hematological disorders on iron absorption. Conditions with increased erythropoiesis and increased intravascular haemolysis such as hereditary spherocytosis and pernicious anaemia show no increased iron absorption possibly because of the increased supply of iron to the hepatocytes, whereas conditions with anaemia and mainly extravascular hemolysis such as thalassaemia, sideroblastic anaemia and pyruvate kinase de®ciency are associated with a high rate of iron absorption.
It is still unknown how the information about the situation in the hepatocyte is mediated to the intestinal mucosal cells and their regulatory mechanisms. Observations in rat liver transplantation studies indicate that the hepatocyte iron stores are a major determining factor controlling iron absorption (Adams et al, 1989) . These ®ndings are consistent with the present interpretation of observations in man with different haematological disorders.
The relationship between bioavailability of dietary iron and growth of iron stores reported in a previous paper implied that the control of the absorption of iron was very effective, in practice preventing the development of iron overload in otherwise healthy subjects. A similar inertia in changes in iron stores was also noted in the present paper both when increasing and decreasing the bioavailability of the dietary iron. The expected change in iron stores with time became slower and slower. In spite of changes of the bioavailability of 10 or 20% the corresponding changes in serum ferritin concentration were so small that they would be hard to demonstrate with adequate statistical power in materials of moderate size.
Another unexpected result of the present calculations is that a decrease in bioavailability down to about 5 ± 10 mgFeakgad (or an absorption of 0.25 ± 0.5 mg Feaday in women with a body weight of 50 kg), would be associated with a mean Hb level of 90 ± 110 gal. This is a range that is higher than often observed in women in many developing countries. The ®ndings imply for example (1) that the diet in these women may be even less bioavailable than the present range given, (2) that the iron losses may be greater, for example due to infestation with hookworms, or (3) that no adequate iron supplementation had been given in earlier pregnancies. Such considerations are important when trying to ®nd adequate measures to combat iron de®ciency in developing countries.
The relationships between iron absorption, iron stores, iron requirements and the prevalence of iron de®ciency are analysed and illustrated in different ways in Figures 1 ± 4 . For example, adult women with median iron losses and consuming a common diet with a bioavailability of 31.4 mgakgad have a 20% probability of developing iron de®ciency (Figure 2) . The corresponding prevalence of iron de®ciency would be 40% in those consuming a diet of Figure 3 Relationship between bioavailability of dietary iron and mean haemoglobin concentration in women with different iron requirements from 47.3, 37.8, 28.3, 22.6, 18 .3 to 16 mgakgad (ie from 95th to 10th percentile). Figure 4 The relationship between dietary iron bioavailability, iron stores and probability of iron de®ciency (no iron stores) developing. Iron stores are calculated for women with median iron requirements.
Iron balance in menstruating women L Hallberg et al about 25 mgakgad. Individually subnormal Hb values start to appear in 10% of those consuming diets with a bioavailability 440 mgakgad.
An unexpected ®nding was the initially high rate of change in iron stores when increasing the bioavailability of the dietary iron ( Figure 5 ). Already within 1 y, 90% of this increase in iron stores was noted. It illustrates, for example, that a woman who is planning for a future pregnancy may increase her iron stores several-fold within 1 y by improving the composition of her diet.
In a previous paper on iron balance in a random sample of menstruating women we found that iron absorption increased with increasing iron requirements up to a point when the mechanisms regulating iron absorption could not further increase the absorption of iron, thus leading to an iron de®ciency. This critical point is of course set by the properties of the diet .
It was evident from the results in a previous paper that the control of iron absorption is very ef®cient (Hallberg et al, 1998) . There is thus a practical limit in the control of iron absorption for the prevention of iron de®ciency, but not for the prevention of iron overload, which is very effective, disregarding the situation in pathological conditions such as hereditary haemochromatosis and thalassaemia major.
In elderly people, higher SF is often seen as judged from the extensive reports in the NHANES studies (Pilch & Senti, 1984) . The present observations and considerations strongly suggest that such observations in the elderly are not related to iron overload or to any known physiological process of aging, but rather are an indicator that the changes in SF seen in some subjects with age cannot be explained by present knowledge. Iron balance in menstruating women L Hallberg et al
